Twenty bromotyrosine alkaloids, including a new compound, 13-oxosubereamolline D (5), were isolated from the Thai sponge Acanthodendrilla sp. Their structures were determined by analyses of 1D-and 2D-NMR, high-resolution mass, and circular dichroism data. The complete 1 H and 13 C NMR assignments of 5,7β-dichlorocavernicolin (19) and 5,7α-dichlorocavernicolin (20) are described herein for the first time. The acetylcholinesterase (AChE) inhibitory activity of all isolated compounds was evaluated. Only homoaerothionin (7) and fistularin 1 (10) exhibited inhibitory activity against human recombinant AChE (hrAChE) with IC 50 s of 4.5 and 47.5 µM, respectively. The hrAChE inhibition kinetics of 7, the most potent alkaloid, showed increased K m and unchanged V max values, suggesting its competitive mode of inhibition. The spirocyclohexadienylisoxazole and the length of the alkyl diamine linkage were proposed as the crucial parts for its strong inhibitory activity. This finding indicates a therapeutic potential for 7 in acetylcholine-related diseases, most importantly Alzheimer's disease.
Acetylcholinesterase (AChE: E.C. 3.1.1.7) is a serine hydrolase enzyme that hydrolyzes acetylcholine (ACh), the cholinergic neurotransmitter, into inactive choline and acetic acid. The cholinergic hypothesis proposes that the causes of cognitive impairment in Alzheimer's disease (AD) patients are involved in the loss of cholinergic neurons in the brain and consequently, the reduction of ACh [1] . Thus, the inhibition of AChE is one of the therapeutic approaches in AD treatment. To date, there are four prescription drugs, donepezil, rivastigmine, galantamine, and memantine, approved by the U.S. Food and Drug Administration for symptomatic treatment of AD. The discoveries of rivastigmine and galantamine, AChE inhibitors derived from natural sources, have been a driving force for the search of new natural leads for AD drug development. The majority of the naturally occurring compounds with AChE inhibitory activity are primarily reported from plants, with a comparatively few molecules from marine sources [2] [3] . However, those reported marine natural products have exhibited strong inhibitory activity against AChE. These include 4-acetoxy-plakinamine B from the sponge Corticium sp. [4] , petrosamine from the sponge Petrosia n. sp. [5] , purealidin Q and aplysamine 2 from the sponge Pseudoceratina cf. purpurea [6] , phlorofucofuroeckol A from the brown algae Ecklonia stolonifera [7] , and marinoquinoline A from the marine gliding bacterium Rapidithrix thailandica [8] .
In the course of this study for biologically active compounds from marine invertebrates, the MeOH crude extract of the sponge Acanthodendrilla sp. collected from Koh-Ha Islets, Krabi, Thailand, showed a strong AChE inhibitory activity (80% inhibition of electric eel AChE (EeAChE) at 100 µg/mL). Extensive chemical purification of the extract by chromatographic combination of silica gel, Sephadex ® LH-20, and RP-HPLC columns led to the isolation of 20 bromotyrosine-derived alkaloids, including a new compound 13-oxosubereamolline D (5), together with 19 known compounds, subereamolline C (1), subereamolline D (2) [9] , 3, 4 [10] , aerothionin (6) [11] [12] , homoaerothionin (7) [11], 11oxoaerothionin (8) [13] , oxohomoaerothionin (9) [14] , fistularin 1 (10) [15] , 11,19-dideoxyfistularin 3 (11) [12] , 19-deoxyfistularin 3 (12) [16] , 3,5-dibromo-1-hydroxy-4,4-dimethoxy-2,5-cyclohexadiene-1-acetamide (13) [17] [18] , verongiaquinol (14) [19] [20] , cavernicolin-1 (15), cavernicolin-2 (16) [21] , 7β-bromo-5chlorocavernicolin (17), 7α-bromo-5-chlorocavernicolin (18) [22] , 5,7β-dichloro-cavernicolin (19) , and 5,7α-dichloro-cavernicolin (20) [23] . Bromotyrosine-derived alkaloids are a well-known group of marine secondary metabolites isolated from sponges, mostly belonging to the order Verongida [24] . Therefore, this is the first report of such derivatives from the sponge Acanthodendrilla sp. of the different order Dendroceratida. Bromotyrosine alkaloids were previously reported to possess various biological activities such as antimicrobial, antifungal, antiviral, cytotoxic, and enzyme inhibitory activities [25] . Recently, non-competitive inhibition was reported of AChE by bromotyrosine alkaloids from the sponge Pseudoceratina cf. purpurea [6] . Herein, we report the structure elucidation of the isolated bromotyrosine-derived alkaloids by careful analyses of UV, IR, NMR, high-resolution MS, and circular 13-Oxosubereamolline D (5) was isolated as a colorless amorphous powder. A pseudomolecular ion at m/z 559.9649 [M+Na] + (Calcd 559.9644) in the HRESIMS suggested the molecular formula C 17 H 21 Br 2 N 3 O 7 for 5, which required 8 degrees of unsaturation. The UV absorptions at λ max 283 and 231 nm were attributed to a cyclohexadienyl moiety [14] , whereas the IR bands at 3422 and 1676 cm -1 showed the presence of a hydroxyl and α-iminoamide carbonyl function, respectively [14, 26] . Careful interpretation of the 1 H, 13 C, 1 H-1 H COSY, HSQC, and HMBC NMR data ( Table 1) 160.1 (C) 10
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The IR spectrum showed a strong broad band at 1700-1750 cm -1 , confirming the presence of a ketone and carbamate carbonyl function. The sequential arrangement of the methylene groups was assigned based on the 1 H-1 H COSY correlations of H 2 -10−H 2 -11−H 2 -12, and the location of the ketone carbonyl at C-13 was assured by the HMBC correlations from H 2 -11, H 2 -12 and H 2 -14 to C-13 ( Figure 1 ). Furthermore, the connectivity of the methylcarbamate to C-14 was supported by the 1 H-1 H COSY correlation from H 2 -14 to 15-NH and the HMBC correlation from H 2 -14 to C-15 ( Figure 1 ). This acyclic part was finally connected to the SHI moiety by the 1 H-1 H COSY correlation from 9-NH to H 2 -10 and the HMBC correlation from H 2 -10 to C-9 ( Figure 1 ). Comparison of the 1 H and 13 C NMR and mass spectra of 5 with those of 2 [9] revealed that one methylene group at C-13 in 2 was replaced by the ketone carbonyl group. Therefore, the new compound 5 was named as 13oxosubereamolline D.
The trans-geometry of the hydroxyl group at C-1 and the oxygen atom at C-6 of 5, commonly found in marine natural products consisting of the SHI moiety, was supported by the characteristic proton chemical shifts of, in particular, H-1 (δ H 4.16), H-5 (δ H 6.51), and H 2 -7 (δ H 3.16 and 3.82) [27] . In addition, the carbon chemical shifts of C-1 to C-8 of the SHI moiety of 5 were almost identical to those of the other trans-SHI containing compounds [10, 14, 28] . The trans-geometry was finally ensured by the 2D NOESY correlation between 1-OH (δ H 5.43) and H-7a (δ H 3.82). The absolute configuration of the chiral centers C-1 and C-6 of 5 was determined by comparing the CD spectrum with that of the related compounds 3, 4 [10] , and 6 [29] . (20) were obtained from the sponge Acanthodendriila sp. as an inseparable mixture with a ratio of 1:3, respectively, based on the 1 H and 13 C intensities in the NMR spectra. The mixture of the compounds was previously reported from the sponge Aplysina fistularis in 1985 without the NMR assignments [23] . In this study, the complete spectral data assignments of 19 and 20 are described for the first time. Compounds 19 and 20 are C-7 epimeric having a molecular formula C 8 H 7 Cl 2 NO 3 determined by a pseudomolecular ion at m/z 235.9889 [M+H] + (Calcd 235.9881) in the HRESIMS. The complete 1 H and 13 C assignments were assured by the 1 H-1 H COSY, HSQC and comparison with the reported data of 15 and 16 [21] and 17 and 18 [22] . The larger coupling constant (10.4 Hz) between H-7 and H-7a of 19 revealed their trans diaxial relationship, while the smaller coupling constant (3.9 Hz) of 20 revealed the cis relationship for H-7 and H-7a.
All isolated compounds were evaluated in vitro for their inhibition potency towards AChE and butyrylcholinesterase (BChE) by the modified Ellman's method [30] [31] , using galantamine as a positive control. The enzyme inhibitory activity of the isolated compounds at 100 µM was preliminarily screened using EeAChE. The primary results of the % inhibition (supplementary data, Table S1 ) showed that the mono-and bis-SHI containing compounds (1-12) exhibited weak to strong EeAChE inhibitory activity (~9-97% inhibitions), while the simple bromotyrosine derivatives (13) (14) (15) (16) (17) (18) (19) (20) were relatively inactive (~3-11% inhibitions). Among them, 7 showed the highest inhibitory potency (97.1% inhibition), while 1, 2, 6, and 10 showed weak to moderate inhibitory activity (~32-66% inhibitions). These active compounds were further evaluated with IC 50 s for EeAChE, hrAChE, and BChE inhibitory activities, as shown in Table 2 . The results indicated that 7 exhibited the strongest inhibitory activity with IC 50 s of 2.9, 4.5, and 6.2 µM against EeAChE, hrAChE, and BChE, respectively, and 1, 2, and 6 showed much lower potency (IC 50 s >100 µM). Interestingly, 10 was rather selectively active to hrAChE (IC 50 47.5 µM), while it was less active toward both EeAChE and BChE (IC 50 s >100 µM). However, 7 showed less inhibitory activity than galantamine. In addition, 7 at 10 µM did not show cytotoxic activity against a normal human keratinocyte HaCaT cell line. To study the inhibition mode of 7 against hrAChE, the enzyme activity was measured at its IC 50 concentration (4.5 µM) using different concentrations of the substrate acetylthiocholine iodide (ATCI, 0.05-10 mM) and plotted in the graph according to the Michaelis-Menten and Lineweaver-Burk equations (supplementary data, Figure S12 ). The kinetic parameters including K m and V max values of the reaction with and without the presence of 7 were calculated ( Table 3 ). The increased K m value and unchanged V max value demonstrated that 7 was a competitive inhibitor against AChE similar to galantamine [32] . A molecular docking study of 7 is required for further investigation to explain and understand its binding mode in the active site of AChE. Although the number of the isolated bromotyrosine-derived alkaloids is limited, the chemical structural features associated with the AChE inhibitory activity are described for further investigation. Based on the % enzyme inhibition data (supplementary data, Table  S1 ), the simple bromotyrosine derivatives (13) (14) (15) (16) (17) (18) (19) (20) became dramatically less active compared with the other alkaloids (1-12); thus, it is clear that the presence of a SHI moiety is essential for AChE inhibitory activity. This is in agreement with the previous report [6] . Among the alkaloids possessing an alkyl diamine chain (1) (2) (3) (4) (5) (6) (7) (8) (9) , the presence of a ketone group in the chain (3-5, 8, and 9) diminished the inhibitory activity up to 2-8 fold. Although additional structure-related alkaloids are required for concrete evidence, among the four active compounds (1, 2, 6, and 7) , the specific length of the alkyl diamine chain is important for the enzyme inhibitory potency. Compared with compounds 10-12 containing an aminopropyloxydibromotyramine unit, it is noted that the second SHI on the other end decreased the enzyme inhibition activity up to 3-4 fold. This information additionally supports the previously reported data [6] .
In conclusion, 20 bromotyrosine-derived alkaloids, including a new compound, 13-oxosubereamolline D (5), were isolated from the Thai sponge Acanthodendrilla sp., and this report is the first occurrence of bromotyrosine alkaloids from the sponge of the order Dendroceratida. The complete 1 H and 13 C NMR assignments of 19 and 20 are also described herein for the first time. The most active compound against AChE was identified as 7, which acted as a competitive inhibitor. It is likely that the SHI and specific length of the alkyl diamine chain affect the inhibitory activity. Therefore, 7 could be considered as a promising new lead for the development of new AD drugs.
Experimental
General: 1 
Extraction and isolation:
The sponge specimen (6.8 kg wet weight) was macerated with MeOH. The aqueous-methanolic extract was partitioned with EtOAc to give the EtOAc extract (67.81 g). This was chromatographed on a silica gel column with a gradient of nhexane:EtOAc (40-100%) and EtOAc:MeOH (0-100%) to obtain 7 combined fractions. The major fraction (14.97 g) eluted with 70-100% EtOAc in n-hexane was crystallized from EtOAc-n-hexane to yield the major compound 13 (8.12 g). The mother liquor (5. (19) 
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Cholinesterase inhibitory activity:
The AChE and BChE inhibitory activities were measured according to the modified Ellman's method [30] [31] . Briefly, 25 µL of 1.5 mM ATCI, 125 µL of 3 mM DTNB, 50 µL of 50 mM Tris buffer (pH 8), and 25 µL of the test sample dissolved in the buffer containing not more than 10% MeOH were added to a 96-well microplate. Hydrolysis of the substrate was initiated with an addition of 25 µL of 0.28 U/mL of either EeAChE or hrAChE. To determine BChE inhibitory activity, in the same procedure, the substrate and enzyme were replaced with BTCC and 2.8 U/mL BChE, respectively. The developing yellow color of the product was measured at 405 nm every 5 s for 2 min using a BioStack microplate stacker (BioTek Instruments, Inc., Winooski, VT, USA). Every experiment was carried out in triplicate. Enzyme activity was calculated as a percentage of the velocity of the test sample compared with that of the non-treated control. Inhibitory activity was calculated by subtracting the percentage of enzyme activity from 100% enzyme activity. The IC 50 of inhibitory activity was analyzed using GraphPad Prism (Graphpad software, USA). Galantamine was used as a positive control. To study the hrAChE inhibition kinetics of 7, the same methodology at the IC 50 (4.5 µM) with various ATCI concentrations (0.05-10 mM) was used. The velocities of the reactions with or without the presence of 7 were recorded and plotted in the graph according to the Michaelis-Menten and Lineweaver-Burk equations. The kinetic parameters including V max and K m values were calculated using GraphPad Prism.
Cytotoxicity assay:
The effect of 7 on the viability of normal human keratinocyte HaCaT cells (Cell Lines Service, Eppelheim, Germany) cultured in Dulbecco's modified Eagle's medium was investigated by MTT assay [33] . Cells were seeded into a 96-well plate at a density of 1×10 4 cells/well and allowed to adhere overnight. After that, the cells were treated with various concentrations of 7 dissolved in the medium containing not more than 0.2% DMSO for 24 h and then incubated with 0.5 mg/mL MTT for 4 h. The absorbance of the formazan products solubilized by DMSO was measured at 570 nm using a VICTOR3 multilabel plate reader (PerkinElmer, Waltham, MA, USA). The percentage viability was calculated in respect to non-treated control cells. Every experiment was carried out in triplicate. Statistical analysis was performed using one-way ANOVA with Dunnett's T3 post hoc test at a significant level of p-values < 0.05 (IBM SPSS statistics version 20, USA).
Supplementary data: 1 H, 13 C, 1 H-1 H COSY, HSQC, HMBC, and 2D NOESY NMR, HRESIMS, and CD spectra of 5; 1 H and 13 C NMR and HRESIMS of 19 and 20 are available; The EeAChE inhibitory activity of all isolated compounds at 100 μM; Binding study of homoaerothionin (7) on hrAChE are available.
